As habitat for the golden-headed lion tamarin (GHLT; Leontopithecus chrysomelas) in Brazil's Atlantic forest becomes smaller and more fragmented, remaining large forest patches may be critical to the persistence of the species. The objectives of our study were to identify the forest patch size that could support a viable population of GHLTs under a range of risk scenarios and to locate patches meeting these size requirements. We found the self-sustaining minimum viable population (MVP) size of GHLTs using the simulation program Vortex under a baseline model and under several anthropogenic disturbance models. We multiplied the MVP size determined in each model scenario by low, medium, and high GHLT population densities to estimate a minimum area requirement. We then used a forest cover map derived through a supervised classification of 2004-2008 Landsat 5TM imagery to locate forest patches meeting the range of minimum area requirements. We found that the MVP size of GHLTs is 70-960 individuals, requiring a forest patch size of 700-18,113 ha depending on the risk level or scenario considered. We found one forest patch that could support a genetically viable, selfsustaining population of GHLTs under the highest level of risk. However, only one federally protected reserve known to currently support GHLTs exists within the range of the species while continuing deforestation, land conversion, and construction projects are real and major threats to the remaining GHLT habitat. Research into the quality and occupancy of the largest patches highlighted here as well as additional protection of habitat needs to be a priority for GHLT conservation. Fig. 4. Early construction of the PETROBRAS natural gas pipeline slated to run through the range of the goldenheaded lion tamarin in Bahia, Brazil. (photos taken by S. Zeigler, 2006)
Introduction
The Atlantic forest is one of the world's hotspots for biodiversity, providing habitat for a disproportionately high number of species and facing severe deforestation at 92.5% loss of the region's original forest cover [1, 2] . Deforestation has been attributed to economic activities; 80% of Brazil's gross domestic product is generated in the Atlantic forest through intensive timber harvest, charcoal production, cattle ranching, and monoculture plantations [3, 4] . Because of the highly fragmented nature of forest patches within the Atlantic forest, the few remaining large forest patches may be especially important for the persistence and genetic stability of a variety of forest species [5] [6] [7] [8] [9] [10] . Large fragments are more likely to have enough resources to maintain self-sustaining source populations that do not rely on immigrants for population persistence [11] whose individuals may then contribute to an entire regional population through dispersal and metapopulation dynamics [12, 13] . Such paired source-sink systems contribute positively to metapopulation size and persistence [14] , and the larger patches, sometimes termed "key patches" [15] , are thus critical to landscape planning. Locating large patches within the range of a species can help to prioritize locations for surveys, research, and habitat conservation.
Golden-headed lion tamarins (GHLTs; Leotopithecus chrysomelas) are one of many endemic and threatened species of the Atlantic forest. Large forest fragments are likely to be especially important for this endangered [16] arboreal primate that maintains large home ranges at relatively low population densities. Our objectives were to determine (1) a range of minimum area requirements for a self-sustaining, minimum viable population (MVP) of GHLTs under various risk scenarios and (2) the location of actual patches meeting these minimum area requirements throughout the species' range in Brazil. A number of other landscape characteristics such as functional connectivity between habitat patches [17] [18] [19] [20] [21] , amount of edge [22] , past land use [7] , and habitat quality within patches [23] are important for species persistence. Incorporating these landscape characteristics is beyond the scope of this paper but will serve as the focus of future analyses. In this paper we propose a selective process by which key geographic areas can be quickly identified and used to direct species conservation efforts. 
Methods

Study Species
The last published estimate of GHLT population size, based on a 1991-1993 survey, was 6,000-15,500 individuals spanning a range of 19,462 km 2 [24] . However, a more recent survey suggests the possibility of a considerable population size and range reduction since then [25] . Forest cover in this region is characterized by highly deforested and fragmented seasonal semi-deciduous tropical rainforest in the west and more contiguous coastal evergreen tropical rainforest in the east. GHLTs use primary and secondary/regenerating forest as well as shade-cocoa plantations [26] below 500 m altitude [24] (Fig. 1 ). Based on a study in Una Biological Reserve, GHLTs form groups averaging five individuals with a dominant breeding female [27] . Territory size ranges between 0.36 km 2 [28] and 1.2 km 2 [26, 29, 30] .
Determining Minimum Area Requirements
To calculate the minimum area requirements of the species, we began by determining the MVP size in the population viability analysis (PVA) program Vortex ver. 9.72 [31] . We define the MVP size as the smallest size at which the population is self-sustaining with a reproductive rate that exceeds mortality despite the potential effects of natural catastrophes and demographic, environmental, and genetic stochasticity, resulting in a persistent population that does not rely on immigration.
Baseline demographic parameters for the PVA model were calculated from field observations and from published literature on GHLTs (Appendix 1).
Fig. 2. Change in forest cover between 1987 and 2007 throughout the range of the golden-headed lion tamarin in Bahia, Brazil.
Field observations of the number of deaths, emigrations, immigrations, and births of GHLTs per year were made by B. E. Raboy as part of a long-term monitoring project of GHLTs in the Una Biological Reserve. Demographic rates used in this study were based on six habituated GHLT groups observed between 1995 and 2007 as part of this monitoring project. Two of the groups were followed for the full 12 years, one group was followed for 9 years, one group was followed for 7 years, and two groups were followed for 5 years. The average mortality rate was calculated for each sex and age class 0-1 years, 1-2 years, 2-3 years, 3-4 years, and adults. We did not differentiate mortality rates by sex for the 0-1 age class since the sex of infants was often unknown. Because the fate of individuals that disappeared was unknown, and given the high rate of mortality for individuals unable to successfully emigrate into a new group, we assumed that 75% of all disappearances were deaths except in the case of infants in the 0-1 year age class. All disappearances for infants were assumed to be deaths as individuals of this age class have never been seen emigrating. Thus, mortality for each age class was calculated as: Average mortality = (N deaths + 0.75*N disappearances ) / N total We calculated the percentage of females breeding as: Percentage females breeding = N females that had offspring / N total females Finally, females are known to produce a total of one to four offspring per reproductive year based on one to two breeding cycles in a year. Thus, we calculated the frequency of litter sizes of one, two, three, or four offspring per female per reproductive year as:
Frequency of litter size ί = N litters of size ί / N total litters of all sizes Here "litter" is used in the language of the Vortex model used to conduct PVA modeling and reflects the number of offspring produced per female per reproductive year, not the number of offspring produced in a single reproductive event. Lion tamarins give birth to singletons or twins one to two times a year. Total variance in mortality, frequency of females breeding, and frequency of each litter size were calculated according to Kendall [32] while demographic and environmental variance was calculated according to Akcakaya [33] . These values were used to incorporate demographic and environmental stochasticity separately in PVA modeling.
To determine the MVP size, we kept all baseline parameters (Appendix 1) the same with the exception of initial population size (N 0 ) and carrying capacity (K). We assumed that N 0 was at K and systematically increased these two parameters from a starting population size of 5 until the population had a 98% probability of persistence for 100 years (Threshold 1). We were also interested in how large a population would need to be to retain 98% of its genetic diversity, what we define as a "genetically viable" population. Thus, we further increased population size until the population had both a 98% probability of persistence and maintained 98% of its genetic diversity for 100 years (Threshold 2). These thresholds have been used in previous modeling studies as the acceptable levels of risk for the species [34] . For both thresholds, population size was increased in multiples of five individuals to correspond to the average GHLT group size. As social animals, a stable and self-sustaining population of GHLTs is likely composed of several groups and would be a multiple of five assuming an average group size of five. Our models assumed that habitat quality and quantity did not change through time. We ultimately modeled the required size necessary for a single hypothetical population to persist with no immigration or emigration.
Population size was simulated for four scenarios under each threshold to determine the population size necessary for recovery from catastrophes under a number of different acceptable risk levels: (1) baseline with no catastrophes; (2) disease, 2% frequency with a 25% decrease in survival; (3) fire catastrophe, 2% frequency with a 50% reduction in survival; and (4) combination of both the fire and disease catastrophes. Fire and disease, as individual and combined threats, were modeled as catastrophes within Vortex where survival was reduced for both sexes across all age classes as specified during random catastrophe years and reproduction remained unaffected. Because this model follows a single hypothetical population and is not spatially explicit, catastrophes could impact any individual within the population. These particular catastrophes and the frequency and severity in which they affected the population were chosen because they have been cited in previous modeling studies as realistic threat levels for the species [34] [35] [36] .
For each MVP size determined in the four PVA scenarios at the two thresholds (a total of eight population sizes), we multiplied the population size by published density estimates for GHLTs to determine a corresponding minimum area requirement. GHLTs have been observed at high (0.1 GHLT/ha), medium (0.067 GHLT/ha) and low (0.053 GHLT/ha) densities [34] , likely reflecting differences in habitat type/quality (e.g., primary forest versus regenerating forest). The eight MVP sizes were multiplied by all three density estimates to determine a range of minimum area requirements due to uncertainty in density.
Analysis of the Landscape
To determine the location of patches meeting minimum area requirements, we conducted a supervised classification using the maximum likelihood algorithm [37] in ENVI ver. 4.3 on 30x30 m resolution Landsat 5 TM remotely sensed imagery. We performed the classification on two sets of the four overlapping Landsat scenes covering the GHLT range. In the first set, henceforth referred to as the "1987 mosaic," Landsat TM [38] provided training (701 points) and validation (701 points) data for non-forest areas. Accuracy of our supervised classification was assessed with a confusion matrix [39] , indicating an accuracy of 92.30% (kappa coefficient 0.80) for the 1987 mosaic and an accuracy of 93.50% (kappa coefficient 0.83) for the 2007 mosaic.
In ArcGIS ver. 9.3, areas of cloud cover were filled in using Landsat 5 TM imagery from May 1994 and June 1986 for the 1987 mosaic and from June 2004, January 2005, September 2006, and April 2007 for the 2007 mosaic. The 1987 and 2007 mosaics were then processed through the majority filter to remove noise, clipped based on the boundary of the GHLT range, and grouped into patches. The range boundary to the west is based on a minimum convex polygon created from all historical past published registries of the species [40] while the Atlantic Ocean serves as the principal range boundary to the east. The Rio de Contas and Rio Jequitinhonha rivers marked the northern and southern limits, respectively, of the species' range [24] . The portions of forest patches that fell outside of these boundaries were not considered in our analyses.
Cloud cover and the presence of monoculture plantations, typically not used as habitat by GHLTs, within the area of study presented two potential problems that could not be removed for subsequent analyses. Monoculture plantations were not distinguished from the forest category in our classification because of the difficulties in reliably separating these classes in this region of Brazil [41] . However, according to a previous landscape classification, monoculture plantations represented less than 1% of the total ground cover within the GHLT range in 1995 [38] and should not greatly impact our analyses. Areas covered by clouds and their shadows were removed as much as possible with the alternate imagery described above; however, some areas were covered by clouds or shadows in both sets of images. Such areas, which covered 1.68% and 1.22% of the 1987 and 2007 mosaics, respectively, were not included in our analyses.
Using these processed 1987 and 2007 mosaics, we then identified forest patches meeting the minimum area requirement for each modeling scenario and GHLT density estimate. Because GHLTs are unlikely to use forest above 500 m, we also removed portions of forest patches that were above 500 m in ArcGIS using elevation data from the Shuttle Radar Topography Mission [42] . We then repeated our identification of patches meeting the minimum area requirements for each modeling scenario and GHLT density estimate. We concluded our analyses by comparing the patches where we would expect to find GHLTs based on the modeling work presented here with the patches that are actually occupied by GHLTs. We overlaid 90 positive survey locations collected between 2005-2008 by the Conexão Mico Leão survey project [25, 43] over the 2007 mosaic. "Positive survey locations" included confirmed sightings of and vocalizations from GHLTs by field teams in playback studies as well as recent sightings by local residents with high forest knowledge [25] . Some survey locations did not directly align with a forest patch in our classification (37 points), and we assigned these points to the nearest patch. In the three instances where it was not clear which patch was closest, the survey location was not included in our analyses. Survey points were matched to patches on the landscape in order to determine the range of patch sizes occupied.
Results
Demographic Analysis
According to stochastic PVA analysis, at least 70 GHLTs are needed for a self-sustaining population with a 98% probability of persistence for the next 100 years if no catastrophes are included. MVP sizes of 90, 170, and 250 GHLTs are needed for a population that can persist despite disease, fire, and fire with disease catastrophes, respectively (Table 1 ). Based on these values, habitat patches as small as 700 ha (assuming baseline scenario and high population density) and as large as 4,717 ha (assuming fire with disease scenario and low population density) would be needed to support a self-sustaining GHLT population depending on the acceptable level of risk conservationists are willing to consider (Table 1) .
Substantially higher population sizes are necessary to ensure that 98% of genetic heterozygosity is maintained over 100 years when various possible catastrophes are considered: 780 GHLTs (baseline), 810 GHLTs (disease), 920 GHLTs (fire), and 960 GHLTs (fire with disease; Table 1 ). These MVP sizes translate to habitat patches that are at least 7,800 ha (assuming baseline scenario and high population density) to 18,113 ha (assuming fire with disease scenario and low population density; Table 1 ). Table 1 . Minimum viable population (MVP) size and the corresponding minimum area requirement for the golden-headed lion tamarin (GHLT) under low (0.053 GHLT/ha), medium (0.067 GHLT/ha), and high (0.1 GHLT/ha) densities.
Landscape Analysis
Between 1987 and 2007, forested area, the number of forest patches, and the average size of forest patches within the range of the GHLT decreased ( Fig. 2 ; Table 2 ). In 1987, forest covered 1,111,657 ha of the GHLT range in 17,132 patches with a mean patch size of 71 ha. The amount of forest, number of patches, and mean patch size decreased by 2007 to 965,861 ha, 15,713 patches, and 61 ha, respectively. The net forest loss was 13% between 1987 and 2007 ( Table 2 ). In addition, of the 15,713 forest patches within the GHLT range in 2007, only 778 of those patches were larger than the smallest published GHLT territory size (Table  2) . Thus, only a fraction of the total available forest patches are likely large enough to support even a single GHLT group.
According to our PVA modeling, forest patches exist within the GHLT range that could support a population of GHLTs with a 98% probability of persisting for the next 100 years. In 1987, assuming medium GHLT density, 27 patches (baseline), 20 patches (disease), 7 patches (fire), and 5 patches (fire with disease) were large enough to support populations under the various risk scenarios ( Table 2 ). Due to habitat loss and fragmentation over the next 20 years, the number of patches able to support the same population sizes in 2007 were 22 (baseline), 20 (disease), 9 (fire), and 6 (fire with disease; Table 2 ; Fig. 3a ).
Though the largest patch in 1987 (872,502 ha) decreased in size by 2007 (741,973 ha), it still remained the largest patch in the GHLT range. However, the identity and location of many of the other large forest patches changed throughout the 20-year span of our landscape analysis. Of the top ten largest patches in 1987, four of these patches fragmented into patches that were smaller than the 1,045 ha needed to support a self-sustaining population at baseline conditions in 2007. Two of the ten largest patches in 1987 remained within the 10 largest patches in 2007, though these patches decreased in size between 1987 and 2007. Four of the 10 largest patches in 2007 had been connected to the largest patch in 1987. Fewer patches were able to support a population that could also retain 98% of its genetic heterozygosity. In 1987, two patches were large enough to support a genetically viable population of GHLTs assuming medium GHLT density for the baseline and disease catastrophe scenarios while only one patch could support such a population under the fire and fire with disease catastrophe scenarios. These patches were very large (872,502 ha and 13,575 ha) and were located only in the eastern portion of the species' range. In 2007, there were two patches large enough to sustain a viable GHLT population and its genetic heterozygosity, assuming medium density under the baseline, disease, and fire catastrophe scenarios and one patch under the fire with disease scenario. The largest patch able to sustain a genetically viable population in 1987 (872,502 ha) was the same patch in 2007 (741,973 ha). However, the second patch able to sustain a genetically viable population in 1987 fragmented into smaller patches below the minimum area requirement while the second patch able to sustain a genetically viable population in 2007 (13,735 ha) had been part of the largest patch in 1987.
High elevation areas may limit the amount of area within a given forest patch that GHLTs can utilize. Previous studies cite that the altitudinal limit for the species is 500 m [24] . After removing forest cover above 500 m from our analysis, we found fewer patches with enough lowland forest to sustain populations of GHLTs with a 98% probability of persistence: 18 patches (baseline), 14 (disease), 5 (fire), 4 (fire with disease; Table 2 ; Fig. 3b ). Two patches were able to support populations with 98% probability of survival and 98% genetic heterozygosity under the baseline and disease scenarios while one patch could support such a population under the fire and fire with disease scenarios ( Table 2 ; Fig. 3b ).
Discussion
Patch Size and Occupancy
According to positive survey locations of GHLTs, patch occupancy was not limited to patches meeting the minimum area requirements determined here. For the 21 occupied patches in the 2007 mosaic, 4 patches were larger than the baseline minimum area requirement of 1,045 ha, 11 patches were between 36 ha (the smallest published GHLT territory size) and 1,045 ha, and 6 patches were less than 36 ha. Small patches could have been occupied during these years for several reasons. In most of the surveys, patches were sampled one or two times, and occupancy is thus a snapshot of GHLT movement at that time. An individual GHLT may have been in a given location temporarily as it moved between or in and out of larger forest patches in search of additional resources. Patches may have been occupied by declining populations, and positive survey locations in smaller patches may represent extinction debt [44] or time lags between past land use and current species dynamics [7] . Finally, smaller fragments may be functionally connected with GHLTs moving between patches in search of resources, and the functional size of patches may be larger than the structural size. Connectivity can be a particularly important attribute of a landscape for species survival [45] , and assessing the implication of varying levels of inter-patch connectivity for GHLTs represents the authors' next steps in identifying geographic regions of the GHLT's landscape for targeted conservation action. 
Deforestation and Conservation Implications
Like other studies identifying important forest patches for species survival in the Atlantic forest [9] , we found only one to two forest patches (depending on the risk scenario considered) that are theoretically large enough to support a genetically viable, self-sustaining population of GHLTs for the next 100 years. However, this should not imply that the species is safe from continuing population decline or extinction. Forest cover in this region is changing quickly. Our analysis indicates a net forest loss of 13% in the GHLT range between 1987 and 2007, or 0.65% loss per year if constant deforestation rate is assumed. This is relatively congruent with the deforestation rate in the state of Bahia as a whole. Between 2000 and 2005, 2.2% (or 0.44% per year) was lost within the state [46] . The Bahia biogeographical sub-region [47] is the second most wellpreserved sub-region in the Atlantic Forest with 17.7% of the original forest cover remaining [48] . It is conceivable that deforestation pressure in the more well-preserved sub-regions like Bahia will increase as what little forest remains in sub-regions like Sao Francisco (4.7% remaining forest cover) and Interior Forest (7.1% remaining forest cover) is completely lost [48] . In addition, a large percentage of available forest cover for use by GHLTs is currently in the form of shade-cocoa plantations, covering 18% of the total range of the species in 1995 [38] . These plantations are becoming threatened as the low price of cocoa and fungal epidemics infecting cacao trees and fruit make it more profitable for land-owners to convert their cocoa agroforestry systems to cattle pastures and other agricultural systems of low biodiversity value [49] . Such land conversion would drastically reduce the amount of available habitat for GHLTs.
Though one to two forest patches in the GHLT range could theoretically support a self-sustaining, genetically viable population of GHLTs despite catastrophes, there is only one federally protected reserve known to currently support GHLTs where continuing deforestation is unlikely. A previous modeling study found that this reserve, Una Biological Reserve (Fig. 2) , is large enough to safeguard the species if the park is able to hold a high or medium density of GHLTs and forest regeneration continues to increase the park's carrying capacity as projected. However, at lower densities or when K did not increase, genetic diversity fell below the 98% threshold [34] . Fire threat was also not included in the model but may be a real and present threat given the level of farming activity bordering the reserve. Given that some of the lowest densities were observed for GHLTs within the reserve in some years [26] , expansion of the size of the reserve is critical.
The distribution of forest patches throughout the GHLT range is also important. A genetic study of four subpopulations of a closely related species, the golden-lion tamarin (Leontopithecus rosalia), showed significant differences in the total number of alleles, heterozygosity, and allelic frequency among subpopulations [50] . The smallest and largest genetic differences between populations corresponded to the smallest and largest linear distances between populations [50] . Although a genetic study has yet to be completed for GHLTs, a behavioral study comparing subpopulations in the eastern and western portions of their range found differences in the foraging ecology of the species, suggesting adaptation to local environments [51] . It is possible that "western" GHLTs, found in semi-deciduous tropical rainforest, are genetically distinct from individuals found in coastal evergreen tropical rainforest in the east. Thus, it may be important that large populations are protected in both the eastern and western portions of the GHLT range to ensure the conservation of the species and its genetic diversity. Currently, no patches large enough to maintain a population of GHLTs with 98% genetic heterozygosity are found in the western portion of the species' range. In addition, habitat loss and fragmentation were considerably higher in the western portion of the range between 1987 and 2007, and, again, the only federally protected area known to currently support a population of GHLTs lies in the eastern portion of the species' range. Raboy et al [25] confirm that many local extinctions have already occurred in the west within the last few decades and many more are imminent.
Finally, in addition to continuing deforestation threats, PETROBRAS, a Brazilian energy company, is investing in a multimillion dollar project to construct the Southeast Northeast Interconnection Gas Pipeline (GASENE). This natural gas pipeline will run 1,387 km from Rio de Janeiro to Catu along the Atlantic coast [52] [53] [54] . A section of this pipeline is slated to run through the GHLT range ( Fig. 4) , fragmenting the largest forest patch in half through the entire length of the patch. The short-term impacts of construction and the long-term impacts of the pipeline itself on GHLT metapopulation survival and movement are currently unknown. However, the internal fragmentation caused by this development project will likely impact the species throughout the construction zone [55] .
In conclusion, two large forest patches exist that could theoretically support a genetically viable, selfsustaining population of GHLTs able to recover from moderate catastrophes while one patch could support such a population under more severe catastrophes. Only one federally protected reserve known to currently support a population of GHLTs exists within the range of the species, while continuing deforestation, land conversion, and construction projects such as the PETROBRAS pipeline are real and major threats to the remaining GHLT habitat patches. Research into the quality and occupancy of the largest patches highlighted here as well as additional protection of habitat needs to be a high priority for the conservation of the GHLT.
